Phosphine oxide complexes of lanthanide metal have been studied to elucidate the fundamental aspects of their structural chemistry and to develop important technological applications mainly in the reprocessing of nuclear fuels and in photoluminescent devices but also in other fields such as gas sorption and homogeneous catalysis. The aim of this review is to give an overview of the range of complexes with phosphine oxides and trivalent lanthanide and yttrium ions, their structural features and applications.
Introduction and scope of the review
Complexes with phosphine oxides are an important area in the coordination chemistry of the lanthanide metals, not only from the fundamental aspects of the chemistry, but also from the wide range of applications which have been explored for these systems.
This review covers developments principally from 2000 onwards although earlier work is mentioned to give context to the later studies and where further studies are limited. Early work on lanthanide complexes was reviewed in 1979 [1] . The studies established that nitrates form a variety of complexes with the composition [Ln(NO 3 ) 3 (R 3 PO) 3 ] (R = Bu, Ph) being particularly favoured. Analysis of infrared spectra led to the conclusion that the metals were 9-coordinate with bidentate nitrates. Triphenylphosphine oxide was extensively studied and variation of reaction conditions allowed the isolation of [Ln(NO 3 ) 3 4 ] were obtained for all lanthanides whilst the thiocyanate complexes [Ln(NCS) 3 (Ph 3 PO) 4 ] were obtained for the lighter metals whilst the smaller lanthanide ions form, presumably, 6-coordinate [Ln(NCS) 3 4 ]ClO 4 were isolated. The coordination chemistry of lanthanide and actinide halides with neutral oxygen and nitrogen donor ligands was reviewed in 2008, briefly covering phosphine oxide complexes [2] . The content here is ordered according to the number of PO groups in the ligand and then by lanthanide salt. The majority of early studies were on nitrate and halide complexes, but increasingly work on pentane-2,4-dionate complexes is being reported due to the interest in applications of these species to a number of fields. Yttrium has a very similar ionic radius to holmium and its chemistry, like that of the lanthanide metals is mainly that of the +3 oxidation state, and studies of this are also covered in the review. Organometallic complexes are not covered in this review.
The nature of the ''P=O bond in phosphine oxides
Whilst the phosphorus oxygen bond in R 3 PO is generally written as P=O its exact nature has been the subject of some debate. An early review summarised the conflicting opinions on the bonding phosphine oxides and concluded that a formal double bond between the phosphorus and oxygen atoms was the best description [3] . Subsequently more theoretical studies have suggested that the PO bond has a strong ionic component and is best represented as R 3 P + -O À [4, 5] . Experimental support for this formulation comes from 17 O solid state NMR studies on two polymorphs of Ph 3 PO where the chemical shielding tensor and the 17 O quadrupolar coupling constant are consistent with its strongly ionic r-bonded nature [6] . This is of significance to the bonding in lanthanide complexes which is expected to be predominantly electrostatic in nature between the negative O atom and the positively charged lanthanide ion. Also of significance would be the repulsion between the positively charged P and Ln centres which would be expected to make the Ln-O-P angle approach 180°in the absence of geometrical constrains imposed by the ligand, for instance in chelating structures, and secondary interactions in the peripheral structure of the complex. The basicity of phosphine oxides is also of importance to their coordinating ability. In protic media the basicity is dominated by solvation effects on R 3 POH + rather than the inductive effects of the substituents on the phosphorus atom. Thus for MeR 2 PO the order of basicity with variation in R is Me > Bu > t Bu [7] . In the gas phase the basicity follows the expected order of the inductive effect of the P-bound groups with the order in R 3 PO being i Prop 3 -PO > n Prop 3 PO > Et 3 PO > Me 3 PO [8] . The gas phase basicity may be more relevant to their metal coordination chemistry as the specific solvation interactions between R 3 POH + and protic solvents are likely to be reduced in larger lanthanide complexes where any charge is spread over a larger surface area. Bond distances within phosphine oxides will affect the steric requirements of the ligands. Structural data showing an increase in the PO distance along the series Me 2 RPO (R = Me, Et, i Prop, t Bu) has been explained on the basis of molecular mechanics calculations as being due to increased steric repulsions and electronegativity effects which also increase the P-C(R) bond length [9] .
Ligands with 1 PO group

Complexes with Lanthanide Nitrates
Complexes with trimethylphosphine oxide, Me 3 PO and triethylphosphine oxide, Et 3 PO, with Nd(NO 3 ) 3 have the composition [Nd(NO 3 ) 3 (R 3 PO) 3 ] with the nitrate ions being assigned as 2 j bidentate ligands on the basis of infrared spectroscopy [10] . The structure of [Y(NO 3 ) 3 (Me 3 PO) 3 ] shows the metal to be 9-coordinate with 2 j nitrates [11] . A useful description for these, and related 9-coordinate geometries, was given which considers the nitrates as pseudo-monodentate ligands [12] . On this basis [Y(NO 3 ) 3 (Me 3 PO) 3 ] can be thought of as having a fac-octahedral structure. The displacement of nitrate by additional Me 3 PO is possible giving the ionic [Y(NO 3 ) 2 (Me 3 PO) 4 ]NO 3 . The effect of increasing the size of R 3 PO has been subject to a systematic study using X-ray crystallography and variable temperature NMR spectroscopy. Triethylphosphine oxide gives [Ln(NO 3 ) 3 (Et 3 PO) 3 ] for the lighter lanthanides which have a pseudo mer-octahedral geometry, presumably the increasing steric effect of Et 3 PO compared to Me 3 PO leading to the change from fac to mer structures [13] . 2 ] with 9-coordinate hydrates Ln = La-Nd and pseudo-trigonal bipyramidal complexes for the heavier lanthanides [16] . In the solid state the trigonal bipyramidal compounds exists as two isomers; one with an equatorial belt comprising either three essentially coplanar nitrates and linear PO-Ln-OP and the other with one of the nitrates twisted out of the equatorial plane and a non-linear PO-Ln-OP arrangement. The structures adopted in the Lu complex are shown in Fig. 1 5 ] was formed, but no materials were isolated and further characterisation was not given [20] . Trioctylphosphine oxide has been used as an extractant for Nd 3+ in the presence of dinonylphenylphosphoric acid in nitric acid [21] . Extraction selectivity of Sc 3+ over Y 3+ and Ln 3+ was demonstrated by mixed alkylphosphine oxides using alkylammonium based ionic liquids in nitric acid media and whilst the nature of the extracted complexes was not explored, they could reasonably be assumed to contain nitrate [22] . 3 ] has also been reported [27] . A rare example of a cerium(IV) complex [Ce (NO 3 ) 4 (Ph 3 PO) 2 ] has been structurally characterised and shows similarities to the structures of the Ln(III) complexes with bulky R 3 PO in that it has an equatorial arrangement of nitrates with the phosphine oxides occupying ''axial" positions [28] . Attempts to prepare lanthanide complexes with the bulkier trimesitylphosphine oxide were not successful [29] . Diphenylmethylphosphine oxide, Ph 2 MePO, forms pseudo fac-octahedral complexes [12] . [30] . The solution 31 P NMR spectra show that the primary interaction with the metal is with the phosphoryl oxygen as expected, although the relatively small paramagnetic shifts for the Ce and Tb complexes indicate that significant ligand dissociation occurs in the alcohol solvents used for the measurements. Because of their application to nuclear fuels reprocessing carbamoylphosphine oxides, (CMPOs), Fig. 3 , have been studied both experimentally and theoretically with an emphasis on their use as extractants.
An NMR study of the interaction of CMPO (R 1 = Ph, R 2 = Oct, R 3 = R 4 = i Bu) with lanthanide nitrates found that CMPO binds in a bidentate manner to Ce, Sm and Eu in metal: ligand ratios 1:3 [31] . Later studies of the same ligand found that the extraction of lanthanide nitrate complexes gave between 40% and 50% transport of the lanthanide into a hydrocarbon phase [32] . Theoretical studies of CMPO (R 1 = R 2 = R 3 = R 4 = Me) indicate that bidentate bonding is favoured and that the bonding becomes stronger along the lanthanide series La to Yb [33] . [36] .
The coordination chemistry of a series of pyridine N-oxide functionalised CMPOs has been studied. The structures of the ligands are shown in Fig. 3 .
Theoretical calculations on the coordinating ability of (1)-(3) with lanthanide nitrates indicate that they should be able to adopt tri-, tetra-and pentadentate modes of bonding with minimal strain. The crystal structures of complexes with Ln(NO 3 ) 3 show that a chelating-bridging pattern of bonding is adopted in all cases [37] . Chelating PO-NO bonding is adopted by (2-CF 3 C 6 H 4 ) 2 P(O) 3 ] (hydrogen and carbon atoms omitted for clarity) Reproduced using coordinates from Ref. [18] . 2 ] show that the metal is 9-coordinate in each case and that (6) bonds via the PO only. The nitrate complexes show an enhanced luminescence intensity compared to the triflate or halide complexes which has suggested potential application for anion detection. The lanthanide coordination chemistry of a series of 4,5-dihydrooxazole (7), Fig. 4 , and benzoxazole, (8) , functionalised phosphine oxides has led to the structural characterisation of several lanthanide nitrate complexes [42] . The ligands can bond in a monodentate fashion as in [Nd(NO 3 ) 3 (7) 
Complexes with lanthanide halides
Probably as a result of the high lattice energies of lanthanide fluorides, there are no reports of phosphine oxide complexes with LnF 3 and attempts to prepare CeF 4 complexes using [CeF 4 (DMSO) 2 ] as a precursor were unsuccessful [43] . 2 ]ÁCy 3 POÁCl 3 which were structurally characterised for Ln = Dy, Er [47] . The metals are 7-coordinate with a pentagonal bipyramidal arrangement comprising five H 2 O in the equatorial plane and Cy 3 PO occupying axial positions. The remaining Cy 3 PO and the chloride ions are hydrogen bonded to the coordinated water molecules. Solution 31 P NMR spectroscopy shows that the complexes are labile with rapid exchange between lanthanide and H-bonded Cy 3 PO at ambient temperature for the La complex. This exchange is slow for the heavier lanthanides. The presence of local D 5h symmetry has been exploited in suppressing rapid quantum tunnelling of magnetisation in the Dy complex [48] .
Complexes between LnCl 3 and Ph 3 PO have been extensively studied. Compounds with varying composition can be obtained by appropriate changes to reaction conditions [49] . 4 ] + interconvert to some extent with the tris complexes being favoured for the lighter lanthanides whilst the heavier lanthanides prefer the ionic complexes. Yttrium chloride forms (1) 
Complexes with lanthanide b-diketonates
The complex [Dy(Acac) 3 (Ph 3 PO) 2 ] has been characterised and synthesised in situ to produce a doped xerogel where the presence of Ph 3 PO increases the emission intensity compared to complexes with 1,10-phenanthroline [54] . Fluorinated pentane 2,4-dionates have been studied with the emphasis on their potential application in optical devices based on the luminescent properties of the lanthanide ions. The anionic and neutral groups bonded to the lanthanide ions are excited to the S 1 state with energy transfer to the T 1 state followed by transfer to an excited state of Ln 3+ followed by emission characteristic of the lanthanide ion. Both the nature of the anion and neutral ligand have a strong influence on the emission characteristics of the complexes. Modification of both the pentane-2,4-dionate and phosphine oxide groups can be made relatively easily to optimise the photophysical properties of the complexes. The complexes [Er(CF 3 COCXCOCF 3 ) 3 ((C 6 F 5 ) 3 PO) 2 ] (X = H, F) are 8-coordinate with a square antiprismatic geometry [55] . The presence of (C 6 F 5 ) 3 PO increases the near infrared emission intensity of Er 3+ with the X = F complex having the longest decay time. phosphine oxide occurs at room temperature and is slow at 173 K. 2 ] which shows a considerable enhancement of its luminescence under potentiostatic polarisation in acetonitrile solution [60] . This was rationalised as being due to repulsion of the positively charged ruthenocenyl cations formed leading to a change in geometry and offers potential in switchable photoluminescent devices. Intramolecular energy transfer from ligands to lanthanide ions in thenoyltrifluoroacetonate, (11) , complexes has been investigated and increased luminescent intensity has been observed for [Sm (11) [69] all show intense near infrared emission under U.V. irradiation. The structure of the erbium complex has been determined and is a distorted monocapped trigonal prism.
Complexes with miscellaneous lanthanide salts
The structure of [Nd(NCS) 3 (Ph 3 PO) 4 ] is a slightly distorted capped trigonal prism [70] and [Tb(NCS) 3 (Ph 3 PO) 3 ] has a fac-octahedral geometry [71] . In both cases the thiocyanate is N-bonded as expected.
The structures of [Ln(OTf) 2 (Ph 3 PO) 4 ](OTf) for Ln = Ce [53] and Nd and Lu [72] show that two triflates remain bonded to the metal. The Ce and Nd complexes contain one bidentate and one monodentate triflate whilst as a result of the smaller ionic radius in the Lu complex both triflates are monodentate. The complex Eu(OTf) 3 (5) 2 Á3H 2 O has been prepared but the structure was not determined [40] . [39] .
In the presence of aqueous ammonia a two dimensional network [Pr 2 (NO 3 ) 3 (Ph 2 P(O)(CH 2 ) 4 COO) 3 ] is formed on reaction of Pr(NO 3 ) 3 with Ph 2 P(O)(CH 2 ) 4 COOH in methanol, whilst under the same conditions a three dimensional framework is produced by the reaction in water [75] . The single crystal X-ray structures show that the carboxylate groups acts in a bridging-chelating manner. The reaction of (4-HO 2 C-C 6 H 4 ) 3 PO with lanthanide nitrates under solvothermal conditions in DMF/H 2 O/MeOH with a small quantity of nitric acid led to the isolation of 3-dimensional networks of [Ln(4-O 2 C-C 6 H 4 ) 3 PO], Ln = Nd, Sm, Gd [76] . The higher gas sorption properties of the Gd complex were accounted for by the interaction between the field gradient produced by Ln 3+ and the quadrupole moment of the gas molecules, H 2 and CO 2 in this case. 2 ] Ln = Y and Er were also reported. The tris-chelate complexes were found to be active catalysts for the stereoselective polymerisation of rac-lactide giving highly isotactic polylactic acid [81] .
The (C 6 F 5 ) 3 PO complexes with the erbium salt of the nitrosopyrazolone (18) , [Er(18) 3 ((C 6 F 5 ) 3 PO) n ] (n = 1,3) showed near infrared emission with long luminescent lifetimes [82] .
Ligands with 2 P=O groups
In this section methylene spacer groups (CH 2 ) n are discussed first followed by spacer based mainly on aromatic rings. [86] . Infrared spectroscopy suggests a similar structure to the Ph 3 PO complex which implies it is polymeric. The 1,3-diphenylphosphinopropane derivative (22) (23) ] Ln = Pr, Nd, Sm, Dy, Lu with a pseudo-octahedral geometry about the metal as is common for complexes with monodentate phosphine oxides. Increasing the chain length caused further changes in the structure with complexes of 1,6-bis-(diphenylphosphino)hexane dioxide (24) , having a polymeric ionic composition [Ln(NO 3 ) 3 (24) 2 ] n (NO 3 ) n Ln = Pr, Sm, Dy, Lu [90] . The geometry about the metal ion is again pseudo-octahedral with the phosphine oxides bridging between two lanthanide centres giving a two-dimensional network.
Complexes with lanthanide nitrates
Complexes with lanthanide nitrates and the phosphine oxide substituted ferrocene, (25) , can form a variety of complexes [91] 3 . Erbium nitrate forms a similar cationic complex in which the geometry around the metal is pseudooctahedral [92] .
With a rigid spacer unit between the two PO groups the capacity of ligands to chelate to a single metal is much reduced and (26) forms coordination polymers [Pr 2 (NO 3 ) 6 (26) 3 ] n in which the metal is 9-coordinate [92] . Microanalytical data and infrared spectroscopy indicate that the complexes of the later lanthanides have a 2:1 ligand to metal ratio and an ionic nitrate. Erbium and yttrium nitrates give mononuclear ionic complexes [Ln(NO 3 ) 2 (27) . A major computational study of bisphosphine oxide structures has been undertaken with the aim of directing a rational approach for the design of lanthanide extractants [95] . Whilst compounds such as (29) appear to have the most promise from a theoretical point of view, it and others amongst the most attractive compounds would be difficult to synthesise and compounds which are more readily accessible such as (30) , Fig. 7 , appear to be of the most potential practical use. There has been extensive study of mixed NO PO ligands as potential extractants for use in f-element separation from main group and transition elements in nuclear fuels reprocessing. Many variants of the NOPOPO ligand (31) have been explored. For practical application as extractants hydrocarbon solubility is essential and lanthanide complexes of (31) [98] . The structure shows that (31) acts as a tridentate ligand and that the nitrate ions are also bidentate. The incorporation of trifluoromethyl groups can increase solubility in fluorinated solvents and the coordination chemistry of (31) Fig. 6 . The structures of compounds (22) and (25)- (29). Fig. 7 . The structures of compounds (30)- (34 (33) and (34) were studied as carbamoyl substituted phosphine oxides are used for extraction in nuclear fuels reprocessing [101] . The reaction between a 54:46 mixture of rac:meso (33) (37) ]Á 2MeCN with the reduced coordination number in the erbium complex being a consequence of the lanthanide contraction [104] . The 31 P NMR spectra of the La complex indicate that a dynamic equilibrium exists between free ligand and complexes of (36) and (37) in methanol. Solvent extraction studies showed that (36 X = SO 2 ) was better performing than (37 X = SO 2 ) [104] and that (37 X = O) is a stronger extractant than (36 X = O) [103] . Complexes of (38 X = S) (Ln = La, Pr, Eu, Er, Lu) are tetradentate on the basis of infrared spectroscopy in [Ln(NO 3 ) 3 (38) ], whilst the coordination mode of (38 X = SO 2 ) is unclear due to overlap of bands in the spectra [105] . The crystal structure with X = SO shows that in [Eu(NO 3 ) 3 (38) ], (38) bonds via both PO and the SO oxygen atoms with the amide carbonyl groups not bonded to the metal.
Complexes with lanthanide halides
The structures of a series of holmium chloride complexes of methylene bisphosphine oxides (R 2 PO) 2 Bu)] was also isolated but not structurally characterised. Neodymium chloride gives a polymeric network with 1,6-bis-diphenylphosphinohexane dioxide in which the metal has an octahedral geometry with trans chlorides and bridging phosphine oxides in [NdCl 2 (Ph 2 P(O)C 6 H 12 P(O)Ph 2 ) 2 ]Cl Fig. 9 . The structures of compounds (41)- (50). [90] . The erbium and lutetium complexes [LnCl 2 (25) 2 ]Cl have an octahedral arrangement with trans chlorides [91] . The potentially tridentate ligands (39) and (40) react with hydrated lanthanide halides to give [LnCl 2 (39) 2 ]Cl) (Ln = Pr, Nd) in which the lanthanide ion has a distorted pentagonal bipyramidal arrangement with the chlorides in the axial positions and with one of the (39) ligands chelating through all three oxygen atoms [107] . The increased rigidity of the backbone in (40) prevents the ether oxygen atom bonding to the metal and the structures of [LaX 2 (40) 2 (H 2 O) 2 ]X (X = Cl, Br) have a distorted square antiprismatic geometry with the square faces comprising the two halide ions and the four PO oxygen atoms. A europium chloride complex of (37) X = SO 2 has an empirical formula {[EuCl 3 (37) ] 2 l(37)} [104] . The single crystal X-ray structure shows each europium to be 7-coordinate with a tridentate (37), three chlorides and a PO from the bridging (37).
Complexes with lanthanide b-diketonates
Complexes which are based on b-diketonates allow the possibility to modify the structure of the anion as well as the phosphine oxide. This potential has been exploited primarily with the aim of developing light emitting devices based mainly on europium and terbium. Complexes of lanthanide hexafluoroacetylacetonates have been studied in depth with the phosphine oxide serving a number of roles. These include displacing water from the primary coordination sphere of the metal thereby reducing radiationless relaxation of excited states, and also as antennae for energy transfer from the ligand to the metal. In general the lanthanide hexafluoroacetylacetonates accommodate two PO groups, either as two monodentate or one bidentate ligand giving 8-coordinate structures.
The structures of a series of complexes of Eu(CF 3 COCDCOCF 3 ) 3 with Ph 2 P(O)CH 2 P(O)Ph 2 (19) , (41) and (42), Fig. 9 The photophysical properties of the complexes showed that [Eu (CF 3 COCDCOCF 3 ) 3 (41) 2 ] has a very sharp red emission with a wide stimulated emission cross-section. Complexes of (26), (43) and (44) (44) ] n are square Fig. 10 . The structures of compounds (51)- (58).
antiprismatic about the europium ion [109, 110] . The complex of (44) in particular, has a high emission quantum yield of 83%. A polymeric complex, [Eu(CF 3 COCHCOCF 3 ) 3 (45) ] n has a square antiprismatic geometry in which the phosphine oxide acts as a bridging ligand with the pyridyl nitrogen atoms not coordinated to the metal [111] . Both R and S forms of (45) the photoluminescent quantum yield is 61% on excitation at 380 nm in the crystal and 71% in acetone-d 6 . The europium and terbium hexafluoroacetylacetonate complexes of (46) are dimeric with bridging phosphine oxides with a distorted square antiprismatic geometry about the metal and a strong p-p stacking in the solid state [112] . The wavelength difference between the fluorescence of (46) and the Eu ion is concentration dependent changing by 48 nm over a concentration range of 10 À6 to 10 À3 M. The emission from the europium ion remains constant over this concentration range, which gives the complex potential as a model for white light emitters. A similar temperature dependence of the emission was also observed. Mixed europium/terbium polymers [Ln(CF 3 COCHCOCF 3 ) 3 (26) ] n have high emission quantum yields of 40% and a temperature sensitivity range of 100-500 K with green emission at 100 K and red at 300 K [113, 114] . Circularly polarised luminescence was observed for the . Unlike its counterpart with two monodentate ruthenocene phosphine oxides, it does not show changes in emission under potentiostatic polarisation due to restricted ring rotation making the formation of cationic ruthenium centres less favourable. The photoluminescence of a series of lanthanide hexafluoroacetylacetonate complexes of (39) , [Ln(CF 3 COCHCOCF 3 ) 3 (39) ], Ln = Nd, Eu, Tb, Yb has been studied and the structure of the gadolinium complex reported [117] . A synergistic effect was detected in the absorption properties between the ligands and a quantum yield of around 80% was found for the europium complex. Europium and ytterbium complexes [Ln(CF 3 COCHCOCF 3 ) 3 (47) ], [Ln (49) Changing the R' substituent on (51) from phenyl to naphthyl to biphenyl increases the excitation window to the visible region allowing potential application to biomedical devices. The structures of [Eu (52) (39) and (40) are not coordinated to the europium ion [120] . The solid state quantum yield for the photoluminescence of the complex with (40) at 48% is significantly higher than that of (39) which has a yield of 28% due to more efficient energy transfer from the T 1 level of (40) to T 1 of (52). An intense red emission under UV excitation is observed for [Eu (53) 3 (40) ] [121] . By attaching (EtO) 3 SiC 3 H 6 NHC(O)-to the 2-position on the b-diketonate as a precursor the complex has been incorporated into a mesoporous solid matrix which also exhibits an intense red fluorescence with a quantum yield of 43%. Incorporation of the distorted square antiprismatic [Eu(54) 3 (40) ] into a polymethylmethacrylate film increases the photoluminescent quantum yield compared to the precursor complex from 47% to around 80% and the complex thus shows promise as a polymer based light emitting diode [122] . The replacement of water and ethanol in [(15)(H 2 O)(EtOH)] (Ln = Eu, Tb) by (39) increases the photoluminescent quantum yield of the europium complex but reduced that of the terbium analogue [123] . The complexes [ (15) (39)] are distorted square prisms with intermolecular p-p stacking of the phenyl rings of the b-diketonate groups and hydrogen bonding interactions between C-H and O/N atoms. Two europium containing copolymers were obtained from [Eu (11) 3 (55)] and vinlycarbazole [124] . Spin coated polymer films have a strong red emission with quantum yields of 60%. The photophysical properties of the complex [Eu (11) 3 (56)] show it has a quantum yield of 28% compared to 27% for the analogous [Eu (11) (11) 3 (57)] have been prepared with a variety of Ar groups designed to increase the antenna effect of the ligands [126] . Quantum yields of up to 86% were found and the enhanced solubility of many of the complexes allowed the formation of spin coated single layer red light emitting devices.
Complexes with miscellaneous lanthanide salts
The structure of the complex between Eu(ClO 4 ) 3 and 3 which has a distorted pentagonal bipyramidal geometry with the water occupying an equatorial position [128] . The electrospray mass spectra show that [La (19) 3 ] 3+ is the most abundant ion in the gas phase and that the expected [La (19) 4 ] 3+ , whilst present, is at lower abundance. Solution 31 P NMR evidence indicates that (19) and (41) coordinate to a variety of lanthanum aryloxides, La(OAr) 3 Fig. 11 . 3 forms polymeric complexes with lanthanide nitrates in which the phosphine oxide chelates forming an 8-membered ring with two arms, and bridges to another lanthanide centre with the other [132] . The CMPO substituted triphenoxymethane (60) forms complexes with lanthanide nitrates in Fig. 12 . The structures of compounds (59)- (65).
which all three CMPO arms bind to the metal in a bidentate manner [133] . [139] . The crystal 6 Cl, has been reported [141] . Whilst the presence of the chloroalkyl groups reduced the extraction efficiency marginally compared to the unsubstituted calix [4] arene, it offers the potential of tethering the extractant to a solid substrate. The coordination of the pyrazine functionalised (67) (X = t Bu, Y = (68), n = 4) in the ionic liquid 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl) imide (69) has been studied [142] . [144] . Analysis of the luminescence spectra indicates that there is no electronic interaction between the two terbium centres in the polymer. The potentially hexadentate (67) (X = t Bu, Y = OCH 2 P(O)Me 2 , n = 6) forms two types of complex with lanthanide perchlorates [145] . Complexes of 1:1 and 1:2 stoichiometry Ln(67)(ClO 4 ) 3 ÁxH 2 O (n = 3 or 6 depending on Ln) and Ln(67) 2 (ClO 4 ) 3 ÁxH 2 O (n = 3, 4, 5 depending on Ln) have been isolated and the infrared spectra indicate the presence of both coordinated an ionic perchlorate whilst NMR spectra indicate that at least four isomers are present in solution.
6. The application of 31 P NMR Spectroscopy in the analysis of lanthanide phosphine oxide complexes
The use of 31 P NMR spectroscopy in the characterisation of phosphine oxide complexes is routine. The paramagnetic shifts for most of the ions mean that the signals appear a long way, often several hundred ppm, from their normal position in the free ligand or in diamagnetic complexes. In addition, the large shift in resonance position is often accompanied by considerable paramagnetic line broadening. Line widths up to several kHz are not uncommon, particularly for middle to late lanthanides. This effect can also be compounded if the complexes undergo exchange processes on the NMR timescale This can often lead to a considerable investment in spectrometer time to accumulate good quality spectra. The spectra of individual complexes are generally less informative than in dblock metal phosphine complexes for instance, although recording spectra at low temperature can sometimes slow dynamic processes sufficiently to allow static spectra to be observed. An example is shown in Fig. 14 3 ] are clearly seen. The mer-isomer is fluxional at 20°C whilst at À90°C the signals from the two phosphorus environments are seen. In many cases only single resonances are observed, either because low temperature measurements were not performed or because the phosphorus environments exchange so rapidly that static spectra cannot be observed. Under these circumstances useful information can still be extracted if spectra from complexes of all the lanthanides, or a substantial part of the series are obtained. Analysis of lanthanide induced shifts can give an insight into the distribution of structures across the series. Methods have been developed for the analysis of one, two or three nuclei [146, 147] . The strict application of the one and two nucleus methods makes assumptions on the geometry of the complexes whilst the three nucleus treatment (shift ratio plots) is a model independent, although finding three nuclei which are readily assignable is sometimes problematic. An example of a shift ratio plot is shown in Fig. 15 
Concluding remarks
The coordination chemistry of phosphine oxides continues to be of interest in a number of fields and this activity is likely to continue. The ability to incorporate a wide variety of groups into the structures of the ligands effectively gives enormous scope to the fine tuning of the properties of the resulting complexes. The majority of the complexes studied are for the trivalent metals and there would appear to be more work to be done particularly on complexes of divalent lanthanides. Studies on group(II) cations show that complexes can be formed with monodentate and bidentate phosphine oxides [148] . It would be reasonable to suppose the Eu 2+ and possibly other accessible Ln 2+ such as Sm and Yb might form similar complexes.
